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Theoretical framework

Abinit v3 modifications

Running Abinit with spin-orbit coupling

An example : a-uranium




/] /] Motivations

M Rare earths and actinides
Spin-orbit coupling cannot be neglected

MComplex structures:
Structural parameters have to be relaxed
Forces and stresses must be implemented

M Abinit
Plane-waves +pseudopotential approach




L Spin-orbit coupling — History

Abinit v3.0

— Total energy and forces with spin-orbit

Abinit v3.1

— Stresses with spin-orbit

— Optimizations

Abinit v3.2

— Response to atomic displacements with spin-orbit

Response to an electric field not yet available




RN  Theoretical framework — Briefly 1
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WEEN  1)c0010tical framework

“ Pseudopotential treatment of G
Ve = Z‘q)l+1>Vl+1 <(I)l+1
For each channel 1+¥2 and 1-%2 2/ 2 z

1
2

m omitted

© Kleinman-Bylander separation (adding/substracting V)
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WEEN  1)0010tical framework

© pion, v adequate linear combination of v,,,, and v,,,...
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Abinit spin-orbit pseudopotentials:

* Hartwigsen/Goedecker/Hutter pseudopotentials (pspcod=3)
- vNLion—so=O and vNLso—ion=O

* Martins-Troullier pseudopotentials (pspcod=>5)
V=7, +2( oy

I 0 -~ (0 1
i gm>).<[0 @}(L.s){l ]

~ Diagonalization of Q,  _, U5"*=0 and vy, **"=0




WEEN  11001tical framework — Non-local operator implementation
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WEEN  Ti00rctical fmmework — Non-local operator implementation

E;\?Lt A zfnkz z ZCGnkO' o Vi (KG K'o ’) e "Conio

0 nk GG o,0’ atomt

CALL mkfful

Ey = Zf x{ /

; a;f z4n(2l+l) E;@ & [;Cénég _e+2m'G SRqK‘)] (K K) [; Cor +2mG fISRq ‘):|
: Y
1+1 o CALL opernlxx
CALL"OIld" nonlop

E R g e ] 3 [ )

o,0’ atomt KHK G

> | /
— CALL opernlxx

CALL "New" nonlop

Same formulae for forces and stresses
(tedious and tricky)




WEEN  Apinit o3 modifications — Data structures

1= no spin-orbit interaction

Y Qrin v
SRLRCEIREae pspso—> 5 spin-orbit coupling

Y Quantum numbers [mn,c  Imnmax << Imnmaxso
indlmn (1... 6, 1... Imnmaxso, itype )

I, m,n In Im o

© Spinorial representation of wave-functions  cg(2,...) <> cg(2,...xnspinor)

Nb of spinorial
components

CE(Z, 1)ee oo e e o cg (;, meg ); e e o cg (2 - meg )
cg T cg |




WEEN  Apinit o3 modifications — Data structures

© Non local form factors  fful (..., mpsang ) <«  fful (..., mpssoang )

It G Deee Pl (s ). oo fi1L G mpsang ). o ... finl € mpssoang )
ffnl — s ffnl >* — p,d, f ffnl °° — p, d, f
“ KB energies ekb (..., Inmax ) < ekb (..., Inmaxso )
ekb (... ) ekb (...,2)...... ... ... ekb (:, Inmax ) .. ... €kb (:, Inmaxso )
N Sl A il it A S T T L e T

ekb —s ekb °® —p,d, f ekbso—p,df




AR Abinit v3 modifications — Routines

Ground state

[ Abinit
v

‘ Driver

Loop on Datasdts

[ Gstate ]

Inwffil

| WF initialization

Initro I
Density initializatio [ Pspini
Psp initialization

qf ) calculation
Setvtr
” 2 4 L
- \ Something similar
Vtorho for response
. calculations
ﬁ Loop on k-points
Vtowfk ]

j Loop on bands

Cgwf | [
[Congugate qradient Getghc ]
A 4

[ Forces
I

Nonlop

L Converged ? Application of

\ non local operator




WEEN  1pinit o3 modifications — Routines

Focus on...

Psp5in.f Martins-Trouiller pseudopotentials initialization

v' Read psp info in MT format

v’ Diagonalize Q, matrix in order
to cancel v and vso-on

v’ Mix v"" and v%° into v°R and ©v°°

v’ Initialize corresponding E,; and form factors

Trick : uses 2 projectors,
one for v°", one for v5°




WEEN  1pinit o3 modifications — Routines 2

Focus on...

L nonlop.f Application of non local operator

NL NL

Compute quantities like v,,|nks) Z S -(nka |y

nk0'>

e o0 n

v Compute [2 oo ¢ SR )} for SR and SO
0 (call to opernl)

v" Loop on spins, atoms and angular momenta

v Compute application of V°Rt, VSR and V50
[see (1+1°) T, (1+1)d and 2T ! ]

)- E( {-K ’) are developed on cubic harmonics

v’ Terms like f* QK ‘) nr QIZ ’




wany Running Abinit with spin-orbit coupling — Pseudopotential files

Hartwigsen, Goedecker, Hutter pseudopotentials

pspcod=3
Nothing to change !
Usual header for Abinit’s psps
’EartwigSGETGoedecker-Hutter pép for Ta, from PRB58+3641 (1998)
73 13 992211 zatom, zion, pspdat
3 2 0 afs 6 DS P COoU; TS = N2IE OC ,mmax, r2well
0.5500680~ 4.546236 0.779422 O 0 rloc, cl, 2 3, c4
9.421853 2.708136 -5.790959 0.947663 rs, hlls, h22s, h
< 0.461345 -0.724853 -2.215211 O rp, hllp, h22p, h33p
0.649992 -0.336371 -0.101322 kllp, k22p, k34D
994 1.348495 -5.386947 O rd, hlld,h22d,bh33d
-0.102353 0 4, k22d,k33d
. / v
Directly from HGH table Spin-orbit terms




e Running Abinit with spin-orbit coupling — Pseudopotential files

This file contains information about the use of spin-orbit

for format pspcod=5 of pseudopotentials. MartinS_Troullier

Copyright (C) 2000-2002 ABINIT group (FJ,XG)
This file is distributed under the terms of the GNU General Public License, see

~ABINIT/Infos/copyright or http://www.gnu.org/copyleft/gpl.txt . pSQUdOpOtentlaIS

For the initials of contributors, see ~ABINIT/Infos/contributors.

1) The line containing Haman grid parameters must be completed by an information l?Si?CCHj==ES
about the spin-orbit format of the psp.
So, one replaces

2.508991628593723E-4 0.0125 rl,al
by .
2.508991628593723E-4 0.0125 2 rl,al,pspso IIIfOS/PSp ll'lfOS/

pspso is 1 for non spin-orbit (optional), 2 for spin-orbit

pspSspinorbit.info
2) The lines describing the number of projectors and some of their

L]
characteristics must be duplicated, as soon as 1/=0. flle
The number of projectors must be 2.
So, one replaces

0 0 0 1 2.76 1,e99.0,e99.9,nproj, rcpsp
.000 .00000 .00000 .000 rms, ekbl, ekb2, epsatm
1 0 0 1 3.91 1,e99.0,e99.9,nproj, rcpsp
.000 .00000 .00000 .000 rms, ekbl, ekb2, epsatm

2 0 0 1 1.57 1,e99.0,e99.9,nproj, rcpsp
.000 .00000 .00000 .000 rms, ekbl, ekb2, epsatm
by

0 0 0 1 2.76 1,e99.0,e99.9,nproj, rcpsp
.000 .000 .000 .000 rms, ekbl, ekb2, epsatm

1 0 0 2 3.91 1,e99.0,e99.9,nproj, rcpsp
.000 .000 .000 .000 rms, ekbl, ekb2, epsatm

1 0 0 2 3.91 1,e99.0,e99.9,nproj, rcpsp V 3.4 format !
.000 .000 .000 .000 rms, ekbl, ekb2,epsatm

2 0 0] 2 1.57 1,e99.0,e99.9,nproj, rcpsp
.000 .000 .000 .000 rms, ekbl, ekb2,epsatm

2 0 0 2 1.57 1,e99.0,e99.9,nproj, rcpsp
.000 .000 .000 .000 rms, ekbl, ekb2,epsatm

3) The pseudopotentials and pseudowavefunctions are then entered, in the order
s, pl/2, p3/2, d43/2, d5/2, £5/2, £7/2.




RN Running Abinit with spin-orbit coupling — Pseudopotential files

Martins-Troullier pseudopotentials  pspcod=5
Usual header
Uranium LDA-SO, Martins-Trouiller, spdf, S local part ////}'
92.00000 Q0000 990913 zatom, zion, pspdat
5 2 3 1063 .00 pspcod, pspxc, lmax, l1loc, mmax, r2well
1.99083031399284E-4 0.0125 2 rl,al
0 0 0 1 1.3 1,e99.0,e99.9,nproj,rcp 1f0rrKHPSC)«nqﬁonaD
.000 000 .000 rms, ekbl, ekb2, epsatm ——>
1 1,e99.0,e99.9,nproj, rcpsp p3/2 2 for SO
.000 rms, ekbl, ekb2, epsatm
1 1,e99.05 .9,nproj, rcpsp pl/2
.000 .000 rms, ekbl, ekb2, ep
2 1,e99.0,e99.9,nproj, rcpsp nproj must be 2,
.000 .000 rms, ekbl, ekb2, epsatm
2 1,e99.0,e99.9,nproj, rcpsp d3/2 except for 1=0
.000 .000 rms, ekbl, ekb2, epsatm
3 1,e99.0,e99.9,nproj, rcpsp £7/2
.000 .000 rms, ekbl, ekb2, epsatm
3 1,e99.0,e99.9,nproj, rcpsp £5/2 The pseudopotentials
.000 .000 rms, ekbl, ekb2, epsatm and
0 rchryg; fchrg,gechrg / pseudowavefunctions
0 =1 tial(/——i are entered, in the
[...] order s, pl/2, p3/2,
1 =1 for pseudopotential : d3/2, d5/2, £5/2,
[ lloc=0 refers to the s potentlall £7/2.
1 =1 for pseudopotential lloc=1 refers to the p3/2 potent+a1
[ lloc=2 refers to the d5/2 potential
. lloc=3 refers to the £7/2 potential
0 =1 for wavefunction i
[ lloc=-1 refers to the pl/2 potent:!.al V 3.4 format !
lloc=-2 refers to the d3/2 potential
lloc=-3 refers to the £5/2 potential




wany Running Abinit with spin-orbit coupling - Input file
Abinit.help — Input variables

! nspinor

| Mnemonics: Number of SPINORial components of the w-functions
| Characteristic: DEVELOP

1 Variable type: integer parameter

| The Default is 1.

I
i nspinor=1, usual case : scalar wavefunction (compatible with (nsppol=1,
.nspden 1) as well as (nsppol=2, nspden=2) )

| If nspinor=2, the wavefunction is a spinor (compatible with nsppol=1, with
| nspden=1 or 4, but not with nsppol=2)

! When nspinor is 2, the values of istwfk are automatically set to 1. Also, the number
| of bands, for each k-point, should be even.




L Running Abinit with spin-orbit coupling - Input file

Abinit.help — Input variables

SpSo Mnemonics: PSeudoPotential: treatment of Spin-Orbit interaction

|

|

: so_typat Mnemonics: Spin-Orbit: TYPe of each pseudo-Atom

| .

| (alias to pspso, for the time being)

\ Variable type: integer array pspso(ntype)
| The Default is ntype*1

i For each type of atom (each psp), specify the spin-orbit interaction

| If 1 : no spin-orbit interaction, even if nspinor=2
| If 2 : treat spin-orbit in the HGH form (not allowed for all psps)
| If 3 : treat spin-orbit in the HFN form (not allowed for all psps)

: Also, pspso=0 default to 1, 2, or 3 according to the data contained in the pseudopotential file (1=
' there is no spin-orbit information in the psp file; 2= the spin-orbit information is of the HGH

| form 3= the spin-orbit information is of the HFN form )




L Running Abinit with spin-orbit coupling — Input file

T
# - Input file for Abinit -
# - U Alpha -
T
# 1-Options for output:
B oo e e e e e e e oo
prtwf 0 prtdos 0 enunit 2 # 4-Definition of the unit cell:
B o o o o o e mmmmmmeoo -
# 2-Parameters governing the convergence: acell 3%5.2131723
ettt ettt et rprim 0.5 -0.96748678 0.
ecut 90. ecutsm 0.5 0.5 0.96748678 O.
nband 38 nline 5 ntime 25 nstep 30 0. 0. 1.7682284
toldfe 1.d4-10 tolmxf 2.5d-5 strfact 25. xred 1.07E-01 -1.07E-01 -2.5E-01
# 3-Options for the choice of calculation: -1.07E-01 1.07E-01 2.3E-01
B oo o o o e e e e e e e e e m - natom 2 ntype 1 type 2*1
ixc 2 occopt 7 tsmear 0.01 zatnum 92. amu 238.029
o 3 : 2 nsym 0
<nspinor >2 éSPSO >2 # 5-Definition of special K-points:
B o o o o o e o
) ) nkpt 0 kptopt 1 ngkpt 11 11 11
Use spin-orbit nshiftk 1 shiftk 0. 0. 0.
Use 2 spinorial part of psp

components




L Running Abinit with spin-orbit coupling — QOutline

You’'ll have to...

1. Build SO pseudopotential file
or read it from Abinit's compilation.

2. Set variables nspinor and pspso to the correct values in

Abinit’s input file.

3. Submit the job and wait... It takes 3/4 times more time

than non-SO jobs. \

Loop on spinorial
components
X

Loop on spins




L Testing the spin-orbit coupling in Abinit

Tantalum - Spin-orbit correction

FPLMTO | Abinit HGH | Abinit MT
(Ha) (Ha) (Ha)
A5d 0,0218 0,02134 0,02049
A6p 0,0193 0,01832 0,01857




| |/ example : o-uranium

» Actinides : Influence of spin-orbit coupling cannot be neglected

» Light actinides behave like 5d metals ;
f-electrons are delocalized.

» Uranium : third actinide Z=92[Rn]6d15f37s?
o-phase stable at low temperature and pressure

» o structure : 4 structural parameters
Full relaxation is available with Abinit

» State of the art :
- Experimental data available

- FLAPW, FPLMTO results
Without FULL relaxation




] O-Uranium

R O
2 ®
® Experimental ata [1]

a=0,2858 nm
Y O / a=20
(\ a a=1, 3

b -0,105 nm
0=138,9 u.a.
0=135,5 GPa

[1]J. Akella, S. Weir, J.M.Wills, P. Soderlind,
J. Phys. : Condens. Matter 9, L.549-L.555 (1997)




W 00ium pseudopotentials

Pseudopotential for wanium — GGA approximation Pseudopotential for uranium — GGA+Sin—orbit approximation
2750 6p*6d* 5f36d*
6527s° 6p°6d* 5f3
—100 | —100 |
r, | ua.
6s 1,28 2 2
g -300 2 00
) &
op 1,52 : !
g E: —— Bp—1/2 — GGA+SO
3 3 ———- Bp+1/2 — GGA+SO
6d 2,21 o = ——— Bd-1/2 — GGA+SO
———- Bd+1/2 - GGA+SO
—— 5f-122 - GGA+SO
5f 1,28 e g ~—— B+12— GGA+SO
%0 _ %0 10 20 3.0 4.0
LDA ( erde n er,1 81 rua) rua)

LDA+spn r

Total energy converged with
GGA ( erde re tner f,1 6 Ecut=140 Ryd., 64 k pts

GGA+spn r

Structural parameters converged with
Local part s Ecut=180 Ryd., 216 k pts




&
GGA

WER  anium input file

B oo e e o e e e e e mmmm e mmmm e
# - Input file for Abinit -
# - U Alpha -
S

ndtset 7 igetwfk 0 getxred 0

acelll 3*5.15 acell2 3*5.20

acell3 3*5.25 acell4 3*5.30

acell5 3*5.35 acellé 3*5.40

acell7 3#*5.45

# 1-Options for output:

S

prtwf 0 prtdos O
# 2-Parameters goverxrring the convergence:
B oo e e e T e emmmmmmm— o

ecutsm 0.5
nband 38 nline 5 ntime 25
toldfe 1.4-10 tolmxf 2.5d-5

nstep 30

# 3-Options for the choice of calculation:

occopt 7 tsmear 0.01
cell 3 ionmov

spinor 2 pspso

Several

/ volumes

Ecut=180 Ryd. 216k

points

strfact 25.

acell 3*%5.2131723

# 5-Definition of special K{p

# 4-Definition of the unit cel

.7682284
2.5E-01
2.5E-01

rprim 0.5 -0.96748678 0.
0.5 0.96748678 a.
0. 0. ]
xred 1.07E-01 -1.07E-01
-1.07E-01 1.07E-01
natom 2 ntype 1 type 2*1
zatnum 92. amu 238.029
nsym 0

N

FULL relaxation

Spin-orbit at constant volume

nkpt 0 kptopt 1 ngkpt 11

shiftk 0. 0. O.

[enizex 2

11 11




RN ranium : structural parameters

2,095

2,085

LDA

2,065
2,055

2,045

2,080

GGA

2,060

2,040

b/a

b/a

7

=—LDA

=+~ LDA+SO
—— R R V[Vo
" " " " " " h 2 h
0,93 0,95 0,98 1,01 1,04 1,07 1,10

b/a

b/a

—-—GGA
-+~ GGA+SO

V/V,

0,93 0,95 0,98 1,01 1,04 1,07 1,10

1,785

1,775

1,765

1,755

1,745

1,735

1,725

1,778

1,773

1,768

1,763

1,758

1,753

c/a

-—LDA
= LDA+SO

V/V,

0,93 0,95 0,98 1,01 1,04 1,07 1,10

c/a

c/a

- GGA
-4~ GGA+SO

V/V,

0,93 0,95 0,98 1,01 1,04 1,07 1,10

0,1002

0,0997

0,0992

0,0987

0,0982

0,1012

0,1010

0,1008

0,1006

0,1004

0,1002

0,1000

0,0998

=—LDA
=+ LDA+SO

V/V,
0,93 0,95 0,98 1,01 1,04 1,07 1,10
o
: y
-—GGA

-+ GGA+SO

V/V,

0,93 0,95 0,98 1,01 1,04 1,07

1,10




| | /]

Uranium : Volume and bulk modulus

Equilibrium volume V, (u.a.)

ABINIT FLAPW - Jones et al[1] FPLMTO - Soderlind[2] Exp.
LDA LDA+ GGA GGA+ LDA LDA+ GGA GGA+ LDA+ GGA+
Without
relaxation 133,6 | 135,2 137,2 1 5,6 127, 128,5 137,7 10,1 123,7 131,5 138,
With
relaxation 126,6 13 13 55 13 ,6 138,
Bulk modulus B (GPa)
ABINIT FLAPW - Jones et al[1] FPLMTO - Soderlind[2] Exp.
LDA LDA+ GGA GGA+ LDA LDA+ GGA GGA+ LDA+ GGA+
Without
relaxation 181 160 11 126 176 1 1 12 2 0 172 135
With
relaxation 173 16 16 128 135
[1] M.D. Jones, J.C. Boettger, R.C. Alberts et D.J. Singh. Phys. Rev. B, 61, 4644 (2000)
[2] P. Soderlind, O. Eriksson, B. Johansson et J.M. Wills, Phys. Rev. B 50, 7291 (1994)
Total energy
-102,805 | GGA
102815 g Al » GGA approximation
N o . . . Ld
g Z pin or it co plin Best result with
= a
102,825 | = Increase e r e g S}GA bit
~—GGA+SO Decrease d s + Spin-orbite
—coA v | + full relaxation
-102,835 . —
1,00 2,0 3,0 4,0 50 6,0 7,00




WEEY 1,ve continued. ..

Spin-orbit implemented for

Energy Completely tested
Forces Comparison with FPLMTO

Stresses .

Response to atomic displacements Consistency : forces, stresses, phonons

and derivatives of the energy...
Physics : Ta, Ce, U, ...

To be implemented for response to electric field

See Test v3

PAW + 50 ???  Soon?
Difficulty :
* Legendre polynomials representation of V); not usable anymore
* Nonlop subroutine completely new
* Formulae and tricks used to program spin-orbit coupling with
Legendre polynomials not valid anymore




